r Dendritic and spine calcium imaging in combination with electrophysiology in acute slices revealed that in medial intercalated cells of the amygdala:
Introduction
Fear conditioning is a Pavlovian learning paradigm in which a neutral stimulus, typically a tone (the conditioned stimulus, CS), is contingently paired with an aversive stimulus, generally a foot shock (the unconditioned stimulus, US) (Maren, 2001; Sah et al. 2003) . Following a small number of pairings, subjects learn to associate the CS with the presence of an aversive event and respond with an avoidance fright or flight response, the conditioned response (Blanchard & Blanchard, 1969; LeDoux, 1992; Maren, 2001 ). This learning is rapid, long lasting and results from the storage of a long-term memory. However, subsequent presentations of the CS but not reinforced by the US lead to a reduction in the conditioned response by a process known as extinction (Delamater, 2004) . Extinction has been recognised since Pavlov, and it is clear that rather than erasure of the previous memory associated with the CS, extinction requires the formation of a new memory that competes with the previous one (Myers & Davis, 2002; Delamater, 2004; Myers & Davis, 2007) . In effect, subjects learn that the CS is no longer aversive.
A growing body of evidence has established that both fear and extinction learning require the amygdala (Myers & Davis, 2007; Pare & Duvarci, 2012) , while expression of these learnt behaviours also requires the medial prefrontal cortex (mPFC) (Herry et al. 2010; Sotres-Bayon & Quirk, 2010; Marek et al. 2013; Bukalo et al. 2015) . The medial intercalated cells (mITC) of the amygdala are a dense cluster of GABAergic neurons (Millhouse, 1986) located between the basolateral (BLA) and central (CeA) amygdala that provide feed-forward inhibition between the BLA and CeA (Royer et al. 1999) . These neurons receive glutamatergic input from the BLA (Royer et al. 1999; Strobel et al. 2015) which can undergo synaptic plasticity in response to repetitive stimulation (Royer & Paré, 2002 . As in many other neurons, this plasticity requires the engagement of NMDA receptors, and rises in postsynaptic calcium (Royer & Paré, 2002 Huang et al. 2014) .
In expression of extinction memory, it is thought that projections from the mPFC to the amygdala drive the activity of mITC neurons which then inhibit amygdala output, thus reducing the response to the CS (Quirk et al. 2003; Quirk & Mueller, 2008; Tovote et al. 2015) .
Moreover, it has been suggested that during extinction learning, glutamatergic inputs to mITC neurons undergo synaptic plasticity, effectively enhancing feed-forward inhibition of the CeA (Royer & Paré, 2002; Likhtik et al. 2005 Likhtik et al. , 2008 Pape & Pare, 2010; Huang et al. 2014; Asede et al. 2015) . Given the Hebbian nature of this plasticity, during extinction learning it would be initiated by back-propagating action potentials (bAPs) that interact with synaptic NMDA receptors (Dan & Poo, 2004) . However, while the glutamatergic nature of input to mITC neurons, and their ability to undergo plasticity is clear, little is known about the biophysical properties of these synapses, the properties of NMDA receptors present, the calcium rises that result from activation of these synapses, or the nature of AP back-propagation into the dendrites of ITC neurons.
Here, using whole-cell recording in acute brain slices maintained in vitro coupled with two-photon calcium imaging, we investigate how neuronal activity regulates calcium signalling in mITC cells. We study the back-propagation of APs into the dendritic tree, ion channels that are involved in intracellular calcium elevations during back-propagation and synaptic activation, and the spread of synaptically evoked calcium signals into dendrites and spines. We show that APs invade the proximal dendritic tree and spines, but calcium signals attenuate rapidly with distance, due to expression of voltage-gated potassium channels. Glutamatergic synaptic input activates AMPA and NMDA receptors on spines, and activation of these receptors raises postsynaptic calcium that is largely confined to the dendritic spine. This study provides insight into calcium signalling in the mITC cells, and extends our understanding of communication between spines in these neurons during repetitive stimulation.
Methods
Coronal slices of the amygdala were prepared from glutamate decarboxylase 67 (GAD67)-enhanced green fluorescent protein (eGFP) transgenic mice (Tamamaki et al. 2003) . These procedures were in accordance with the guidelines of the Institutional Animal Ethics Committee of the University of Queensland. For breeding, C57BL/6 mice were used, and heterozygous mice were selected for experiments using a UV lamp to detect fluorescence in the ear at postnatal day1 (p1) to p2. Animals were maintained in an approved SPF facility, and had free access to food and water. Animals (p18-p35, either sex) were deeply anaesthetised with isofluorane inhalation and immediately decapitated. The brain was quickly removed and placed in ice cold artificial cerebrospinal fluid (aCSF) cutting solution containing (mM): 87 NaCl, 2.5 KCl, 25 NaHCO 3 , 25 glucose, 50 sucrose, 1.2 NaH 2 PO 4 , 4 MgCl 2 and 0.5 CaCl 2 . Coronal slices 300 μm thick were prepared (Leica VT 1000S, Leica Microsystems GmbH, Nussloch, Germany), hemi-sectioned and transferred into aCSF recording solution containing (mM): 118 NaCl, 2.5 KCl, 25 NaHCO 3 , 10 glucose, 1.2 NaH 2 PO 4 , 1.3 MgCl 2 and 2.5 CaCl 2 . Slices were incubated at 32°C for at least 30 min before returning to room temperature for another 30 min.
Electrophysiology
For recordings, slices were transferred to a perspex perfusion chamber of volume ß 1 ml, secured under a nylon mesh and perfused with oxygenated (95% O 2 , 5% CO 2 ) aCSF at a flow rate of ß 1 ml min −1 at a temperature of 31-32°C (if not noted differently). Slices were visualised using an upright microscope (BX50WI, Olympus Optical, Tokyo, Japan) with a 5× (NA 0.1) or 40× (NA 0.8) objective, and infrared and differential interference contrast (IR-DIC) optics. GFP fluorescent neurons were visualised by using a mercury burner (Olympus) and appropriate filter sets to identify the intercalated cells in the intermediate capsule. Current-and voltage clamp recordings were obtained using borosilicate glass capillaries (GC150F, 1.5 mm, Harvard Apparatus, Edenbridge, UK) with a resistance of 3-5 M pulled on a PMP102 Micropipette puller (MicroData Instrument, Plainfield, NJ, USA) or PC-10 (Narishige, Tokyo, Japan). Recording pipettes were filled with internal solution containing (mM): 135 KMeSO 4 , 8 NaCl, 10 HEPES, 2 MgATP, 0.3 MgGTP, 0.1 spermine and 0.3 EGTA, and pH was adjusted to 7.3 with KOH and the osmolarity was adjusted to 280 mosmol l -1 for the investigation of firing properties. For investigation of AMPA and NMDA receptors, recording pipettes were filled with internal solution containing (mM): 135 CsMeSO 4 , 8 NaCl, 10 HEPES, 2 MgATP, 0.3 MgGTP, 0.1 spermine and 0.3 EGTA and pH was adjusted to 7.3 with CsOH and the osmolarity adjusted to 280 mosmol l -1 . Whole cell recordings were obtained using a Multiclamp 700B amplifier (Molecular Devices, Sunnyvale, CA, USA). Data were digitised using an ITC18 (InstruTech, Port Washington, NY, USA). Data were filtered at 6 kHz and digitised at 20 kHz. Analysis was performed off-line using Axograph (Axograph X). The rectification index (RI) of AMPA receptors was measured Values represent means ± SEM.
using two methods. First, the peak amplitude at +40 mV was divided by the peak amplitude at −60 mV * (−1) in the presence of APV and picrotoxin. Cells with an RI < 0.4 were considered to be rectifying. In a second method, the slope ratio was measured as the slope of the inward portion of the I-V curve (from −60 to −10 mV) divided by the slope of the outward portion (10 to 40 mV) as an index of rectification.
Active and passive electrophysiological properties. To identify electrophysiological passive and active properties (Table 1) , we measured eight parameters following injection of 700 ms hyperpolarising and depolarising currents stepping from −50 to 175 pA in 25 pA increments. (1) Input resistance was measured as the current response to a small hyperpolarising voltage step.
(2) Resting membrane potential (R m ) was determined immediately after entering whole cell configuration. Cells with membrane potentials more depolarised than −52 mV were excluded from further analysis. (3) The AP threshold was obtained by measuring the fast-rising phase of the first AP. (4) Membrane time constant (t m ) was determined in current-clamp, fitting a single exponential to a hyperpolarising step of 25 pA. (5) The AP waveform was analysed using the first two spikes evoked using twice threshold (2T) current injections. The AP amplitude of the first spike at 2T was measured from threshold to the peak. (6) Latency of the first AP at threshold was determined by the location of the peak of the first AP in the 700 ms step. (7) AP width of the first spike at 2T was determined by measuring half width, (8) early frequency as 1/interspike interval of the first two spikes and (9) late frequency as 1/interspike interval of the last two spikes (F2) at twice threshold.
Neuron morphology
Recovery of morphology from recorded cells was obtained during Ca 2+ imaging experiments (Table 2) . Neurons were filled with 30 μM Alexa 594 and z-stacks taken in the recording chamber using a two-photon laser scanning microscope (Zeiss, LSM 710). Subsequently, neurons were reconstructed using a computer aided tracing system (Neurolucida, MBF Bioscience, Williston, VT, USA). All measurements for the reconstructed neurons were made using Neuroexplorer (MBF Bioscience). Scholl plots were constructed by counting the number of dendritic crossings of concentric circles, at 10 μm intervals, centred on the soma. Spine counts were obtained from z-stacks described above, and were 15 μm in the proximal region (0-15 μm) and 15 μm in the distal region (in the range 60-115 μm). Spines were counted manually by visually selecting spines while scrolling through the z-stack.
Immunostaining. Mice (p60-90) were deeply anaesthetised with sodium pentobarbital (150 mg kg −1 I.P.) and perfused transcardially with 1% sodium nitrite in 0.1 M PBS, pH 7.4, followed by either 4% paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.4, for the monoclonal antibodies: anti-parvalbumin (1:2000, mouse, Sigma, St Louis, MO, USA), anti-calbindin (1:10,000, mouse, Sigma), anti-calretinin (1:10,000, mouse, Swant, Marly, Switzerland) and the polyclonal antibodies: anti-neurokinin 1 receptor (NK1-receptor, 1:10,000, rabbit, Immunostar, Hudson, WI, USA), α-μ-opioid receptor (MOR) (1:1000, rabbit, Immunostar), anti-substance-P (Sub-P, 1:5000, rabbit, Immunostar) and anti-vasoactive intestinal peptide (VIP, 10,000, Immunostar) and anti-neuropeptide Y (NPY, 1:20,000, rabbit, Sigma), or 4% paraformaldehyde with 0.5% glutaraldehyde in 0.1 M PB, pH 7.4, for the monoclonal antibodies: anti-cholecystokinin (CCK, 1:10,000 mouse, Gordon Ohning, University of California) and somatostatin (1:10,000 mouse, Victoria Conlin, Canada). Brains were removed from the skull, hemisected and then postfixed by immersion in the same fixative for 3 h at room temperature. Brains were washed in 0.1 M PBS and 50 μm thick sections were cut using a vibratome (Leica VT 1000S, Leica Microsystems). Sections were incubated in blocking solution (0.5% BSA, 0.05% saponin, 0.05% sodium azide in 0.1 M PBS, pH 7.4) for 1 h. Sections were incubated in the specific primary antibodies diluted in blocking solution for 56 h on an orbital shaker at room temperature. Sections were washed in PBS 3 × 15 min and incubated in the species-specific secondary antibody Alexa-568 (1:1000, Molecular Probes, Carlsbad, CA, USA) for 5 h. Sections were washed in PBS 3 × 15 min and the nuclei stained with DAPI. Sections were mounted on gelatinised glass slides and covered with fluorescence mounting media (DakoCytomation). Images were taken using either an upright microscope (Zeiss, Axio Imager) fitted with an Apotome and AxiocamMRm/3 digital camera, or a confocal microscope (Zeiss, LSM 710).
Ca

2+ imaging
Slices were prepared as described for electrophysiological experiments and then transferred into a ß1 ml perfusion chamber situated under the LSM 710 mounted on an air Cells were visualised under a 40× objective, using a CCD camera (SciTec) mounted onto the laser scanning microscope. Two-photon excitation was provided using a titanium sapphire laser (Chameleon, Coherent, Santa Clara, CA, USA) tuned to 810 nm for calcium imaging. The emitted light was bandpass filtered for the green channel at 500-550 nm and for the red channel at 565-610 nm, and detected with non-descanned detectors. Fluorescence images were obtained in line-scan mode at a frequency of 200-300 Hz at a resolution of 256 pixels μm −1 . Where mentioned, 2.5 mM MNI-glutamate (Tocris, Ellisville, MO, USA) was uncaged at 720 nm with a second titanium sapphire laser.
Relative changes in fluorescence after spine activation are expressed as G/R(t) = (G(t) − G 0 )/(R(t)−R 0 ), where G(t) and R(t) are the green and red fluorescence at time t, and G 0 and R 0 are the green and red background fluorescence measured in an adjacent extracellular region, respectively. The shaft is classified as the dendritic segment immediately adjacent to the active spine. Dendritic distances towards and away from the soma were measured from the shaft.
The drugs in this paper were used in the following concentrations: 2 and 0.5 mM 4-aminopyridine (4-AP; Sigma); 100 μM picrotoxin (Sigma), 30 μM D-2-amino-5-phosphonovaleric acid (APV; Tocris), 200 μM 1-naphthylacetyl spermine trihydrochloride (NASPM; Tocris), 5 μM 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo [f]quinoxaline-2,3-dione (NBQX; Tocris), 5 μM ifenprodil, (Sigma) and 5 μM CP101606 (Tocris).
Results
We used GAD67-eGFP transgenic mice, which allowed for the clear identification of mITC cell clusters (Tamamaki et al. 2003; Strobel et al. 2015) (Fig. 1) . As reported previously, electrophysiological properties of mITC cells showed the characteristic high input resistance (>600 M ), average early firing rates of 30 ± 2 Hz and with moderate AP width (Fig. 1A , Table 1 ) (Marowsky et al. 2005; Geracitano et al. 2007; Busti et al. 2011; Palomares-Castillo et al. 2012) . Recovery of neurons filled with Alexa594 revealed cells with spiny dendrites that were largely contained within the mITC cell cluster, and Scholl analysis showed that most dendrites were contained between ß40 and ß80 μm from the soma, and ran parallel to the intermediate capsule (Fig. 1A , Table 2 ) (Marowsky et al. 2005; Geracitano et al. 2007; Busti et al. 2011; Palomares-Castillo et al. 2012) . In response to BLA stimulation, calcium imaging (see below) revealed that active synapses were found throughout the entire dendritic tree, with most inputs concentrated at distances between 40 and 80 μm from the soma (Fig. 1A) . These eGFP-positive neurons expressed the μ-opioid receptor (Fig. 1C) , identifying them as ITC neurons (Jacobsen et al. 2006) . GABAergic interneurons in the amygdala and other brain regions are divided into distinct families based on expression of cytosolic markers (Ascoli et al. 2008; Spampanato et al. 2011) . Some of these markers are strong calcium buffers, and can alter the kinetics of cytosolic calcium (Schwaller, 2010) , but ITC cells have been reported to be devoid of the typical markers such as calbindin, calretinin, parvalbumin, somatostatin, cholecystokinin (CCK) and neuropeptide Y (NPY) (Marowsky et al. 2004; Busti et al. 2011; Palomares-Castillo et al. 2012) . We confirm the rarity of these markers, and extend the analysis for proteins present in the developmentally similar medium-sized spiny neurons of the striatum or nearby lateral and central amygdala such as neurokinin 1 (NK1) receptor, substance P and vasoactive intestinal peptide (VIP) (Loren et al. 1979; Blomeley et al. 2009; Sreepathi & Ferraguti, 2012) . The classical interneuron proteins somatostatin ( Fig. 1D ) and calbindin ( Fig. 1E , n = 12 mice), the NK1-receptor marker ( Fig. 1H) and NPY (Fig. 1I , n = 6 mice) were evident in the occasional neuron with 3-5 labelled mITC neurons being identified per mouse. Parvalbumin, calretinin, substance P, VIP and CCK labelling was not seen in any mITC cells ( Fig. 1F and G; n = 12 mice and Fig. 1J -L, n = 6 mice). The same overall results were confirmed after colchicine injections to inhibit axonal transport (n = 6), a procedure that has previously been shown to facilitate somatic labelling of neuropeptides (Mascagni & McDonald, 2003) . Thus, while mITC neurons are GABAergic neurons, which we could clearly identify, they are largely devoid of the known calcium binding proteins and interneuron markers, or calcium buffers.
AP back-propagation in dendrites and spines of mITC neurons
APs in central neurons are initiated at the axon initial segment, and back-propagate into the dendritic tree (Stuart et al. 1997) , where they open voltage-gated calcium channels (VGCCs), leading to calcium rises in dendrites and spines. To investigate AP back-propagation in mITC neurons, we combined whole-cell patch clamp recordings with calcium imaging. The calcium rise evoked by bAPs was used as an indirect measure for AP invasion into the dendritic tree. Single, and trains (200 Hz) of, APs evoked by brief (5 ms) somatic current injections led to clear rises in cytosolic calcium ( Fig. 2A ) that attenuated rapidly with distance, being almost undetectable at dendritic sites >80 μm from the soma. In response to a single AP, peak calcium in the proximal dendrite (1-20 μm from the soma) was 0.059 ± 0.01 G/R (n = 10), whereas in distal dendrites (60-115 μm from soma) it was 0.004 G/R (n = 4, P < 0.01; paired t test, Fig. 2A and B) . A train of four APs evoked larger calcium transients ( Fig. 2A and B) , rising to 0.17 ± 0.05 G/R (n = 10) in the proximal dendrite, and 0.02 ± 0.01 G/R (n = 4, P < 0.01, paired t test) in distal dendrites ( Fig. 2A and B) . The attenuation of peak calcium with distance was identical for singles and trains of APs (Fig. 2C ), and the ratio of peak calcium transients did not change from proximal to distal sites (Fig. 2D) showing that single APs propagated as well as trains of APs into the distal dendritic tree.
The dendrites of mITC neurons are invested with dendritic spines (Figs 2A and 3A ; Table 2 ) (Millhouse, 1986) , the probable sites of excitatory synaptic contact. Back-propagating APs also evoked a calcium rise in dendritic spines with peak calcium in the spine head closely following that seen in the parent shaft (Fig. 3A) . To compare calcium rises in different dendritic segments, peak calcium was normalised to that evoked by a single AP in the proximal dendritic shaft. Thus, the calcium rise in the proximal dendrite in response to a single AP was taken as 1 G/R. In the same region, peak spine calcium was 0.76 ± 0.08 G/R (n = 5) (P < 0.05, paired t test).
With increasing numbers of APs, the calcium rise was larger, and spine calcium always followed that in the parent shaft ( Fig. 3A and B) . Thus, for four APs: peak shaft: 1.34 ± 0.17 G/R, spine: 1.24 ± 0.25 G/R (n = 5) (P > 0.05, paired t test); for eight APs shaft: 2.2 ± 0.12 G/R, spine: 2.2 ± 0.15 G/R (n = 5) (P > 0.05, paired t test); for 12 APs shaft: 2.48 ± 0.20 G/R (n = 5), spine: 2.2 ± 0.15 G/R (n = 5) (P < 0.05, paired t test). In distal dendritic segments, calcium signals in spines were also significantly attenuated relative to proximal spines (Fig. 3B) . Using the same normalisation procedure, the calcium rise in distal segments for one AP was: shaft: 0.11 ± 0.05 G/R, spine: 0.12 ± 0.05 G/R (n = 5) (P > 0.05, paired t test); for four APs shaft: 0.23 ± 0.1 G/R, spine: 0.15 ± 0.07 G/R (n = 5) (P > 0.05, paired t test); eight APs shaft: 0.76 ± 0.34 G/R, spine: 0.51 ± 0.23 G/R (n = 5) (P > 0.05, paired t test); 12 APs shaft: 1.29 ± 0.58, spine: 1.04 ± 0.46 G/R (n = 5) (P > 0.05, paired t test).
The kinetics of calcium in the spine head closely followed that in the dendritic shaft. In the proximal dendrite, the time constants of decay measured in the shaft and attached spine were: one AP shaft: 854 ± 69 ms, spine: 872 ± 75 ms (n = 5) (P > 0.05, paired t test) (Fig. 3C) . For increasing numbers of APs, while peak calcium was larger with more APs, there was little change in the kinetics of calcium removal. Thus, even for a train of 12 APs, when peak calcium nearly doubled, the decay time constant of the calcium transient was 1020 ± 63 ms in the dendritic shaft and 1146 ± 127 ms in the spine (n = 5). Calcium can enter the spine head by diffusion from the parent shaft and/or by entry through local VGCCs. In ITC neurons, the spine neck is a significant barrier to calcium diffusion from the head to the shaft (see Fig. 7, below) . Thus, the fast calcium rise and similar peak amplitudes in spine head compared to the parent shaft suggest that while there will be a contribution by diffusion, spines are likely to also be invested by VGCCs (Yuste & Denk, 1995) .
A decrease in the calcium response in the distal dendritic tree has previously been reported for pyramidal neurons, some cortical interneurons and striatonigral medium spiny neurons, where it results from a high density of voltage-gated potassium channels, and the resultant shunting of the AP (Goldberg et al. 2003; Chen et al. 2006) .
As mITC neurons express Kv4 channels in the dendrite and spine head (Kaufmann et al. 2013) , we investigated the role of voltage-gated K + channels in the distal dendrites of mITC cells using the potassium channel blocker 4-AP. At concentrations below 0.5 mM, 4-AP selectively blocks Kv1 and Kv3 channels, whereas higher concentrations also block Kv2 and Kv4 channels (Coetzee et al. 1999) . Bath application of 0.5 mM 4-AP had no effect on AP-evoked calcium transients in the distal dendritic shaft (n = 5) or spine (n = 3) (Fig. 4A and C) . For a single AP, peak calcium rise in the shaft and spine were 0.23 ± 0.7 G/R and 0.29 ± 0.1 G/R, respectively, while in the presence of 4-AP they were 0.18
. However, at this concentration 4-AP did reduce the somatic fast afterhyperpolarisation following the AP, and broadened the AP [half width increasing from 1.21 ± 0.06 to 1.42 ± 0.08 ms (n = 4); P < 0.05, paired t test, Fig. 4B ] showing that it was effective in blocking potassium channels responsible for AP repolarisation. In contrast, 2 mM 4-AP greatly enhanced the distal calcium response in both dendritic shaft and spines. For a single AP, the calcium peak in the shaft was 0.33 ± 0.1 G/R and increased to 0.94 ± 0.16 G/R in four APs (n = 6; P < 0.05, paired t test). For spines, it was 0.48 ± 0.08 G/R in control Ringer's solution and 0.66 ± 0.08 G/R (n = 4, P < 0.05, paired t test) in 4-AP ( Fig. 4A and C) . In the presence of 2 mM 4-AP, calcium responses in distal dendritic shaft reached almost the same amplitude as that seen in the proximal shaft (Fig. 4C) . These results suggest that the attenuation of the distal dendritic calcium response is due to the presence of voltage-gated potassium channels containing Kv2 and/or Kv4 subunits (but not Kv1 / Kv3) that shunt the AP, rather than a reduction in VGCCs. Synaptic transmission and AMPA receptors. Most glutamatergic inputs to mammalian neurons form dual component synapses with both AMPA and NMDA receptors present in the postsynaptic density (Nicoll et al. 1990 ). Both these receptors are heteromultimers constructed from a number of subunits, with NMDA receptors and AMPA receptors lacking GluA2 subunits being calcium-permeable (Hollmann & Heinemann, 1994) . Thus, postsynaptic calcium can rise due to calcium influx via either type of receptor. As in other brain regions (Akgul & McBain, 2016) GluA2 lacking AMPA receptors are present at glutamatergic synapses on local GABA interneurons in the BLA (Mahanty & Sah, 1998; Spampanato et al. 2011) . As mITC neurons are also GABAergic, we first tested for the presence of inwardly rectifying AMPA receptors at glutamatergic synapses on these neurons. Cells were voltage-clamped in the presence of picrotoxin and APV, to block GABA and NMDA receptors, respectively. EPSCs were evoked by local stimulation in the BLA (see Methods) and I-V relationships were constructed over the voltage range from −60 to +40 mV. We found that while in some neurons (28/41), the I-V relationships of synaptic AMPA receptors was linear, in about one-third (13/41; 32%) it was clearly rectifying (Fig. 5A) . The mean RI in neurons with linear I-V relationships was 0.57 ± 0.03 (n = 28) and the mean slope ratio was 1.19 ± 0.08 (n = 26), compared to those at rectifying inputs with mean RI of 0.18 ± 0.02 (n = 13) and mean slope ratio of 0.4 ± 0.09 (n = 12). The RI at these synapses was comparable to that of glutamatergic inputs on BLA interneurons (Fig. 5B) , suggesting that some synapses on mITC neurons express GluA2-lacking AMPA receptors (Akgul & McBain, 2016) .
To confirm the presence of rectifying AMPA receptors, we applied NASPM, a selective blocker of GluA2-lacking AMPA receptors (Koike et al. 1997) . On mITC neurons with rectifying synapses, NASPM reduced the EPSC by 43 ± 5.4% (n = 4, P > 0.05, one-way ANOVA with Tukey's multiple comparison test), while in neurons that had EPSCs with linear I-V relationships NASPM block was 23 ± 6.1% ( Fig. 5C and D ; n = 4; P < 0.01). For comparison, on BLA interneurons, NASPM reduced the EPSC by 60.0 ± 0.03% (n = 3; Fig. 5C and D) . The offset kinetics of AMPA receptors lacking GluA2 subunits are faster than those at receptors containing GluA2 (Geiger et al. 1995; Mahanty and Sah, 1998) . However, in mITC neurons, no significant difference was found in decay time constants of evoked EPSCs (eEPSCs; V h −60 mV) between non-rectifying mITC synapses (5.2 ± 0.43 ms; n = 4), those with rectifying synapses (4.4 ± 0.33 ms; n = 17; P > 0.05, unpaired t test) or eEPSCs in BLA interneurons (4.6 ± 1.3 ms; n = 3; P > 0.05, unpaired t test; Fig. 5E ). Moreover, no significant difference was found in the decay time constants of spontaneous EPSCs (sEPSCs) recorded in mITC cells with rectifying eEPSCs (3.6 ± 0.5; n = 8) and those recorded in neurons with linear eEPSCs (3.1 ± 0.22; n = 4; P > 0.05, unpaired t test; Fig. 5E ).
These results indicate that while AMPA receptors at glutamatergic inputs on some mITC neurons show inward rectification, these receptors are not efficiently blocked by NASPM, and their decay kinetics are not faster than of those at synapses with linear I-V relationships. However, both the eEPSC and the mean sEPSC represents the mean current from a number of synaptic contacts distributed over the neuron. Thus, it is possible that mITC neurons have a mixture of synapses, with some expressing AMPA receptors with GluA2 subunits, and some lacking GluA2 subunits. To test the hypothesis that AMPA receptors with different subunit composition may be expressed at different synapses on the same cell, we used glutamate uncaging (MNI-glutamate) on the spine head to test the properties of individual synapses. Unitary EPSCs (uEPSCs) were evoked on single spines of voltage-clamped mITC cells at +40 and −60 mV in the presence of APV and picrotoxin (11 spines in 7 cells, Fig. 5F ). Of these, uEPSCs on three spines showed a rectifying I-V relationship (RI: 0.21 ± 0.03), while in another eight spines they had linear I-V relationships (RI: 0.74 ± 0.1, Fig. 5F ). Uncaging glutamate at two different spines of the same neuron (n = 4), we found AMPA receptors with rectifying I-V relationships at one spine, and linear I-V relationships at the other (2/4 neurons), showing that different spines on the same mITC cell can express AMPA receptors with different subunit stoichiometry.
Synaptic transmission and NMDA receptors. NMDA receptors are calcium-permeable, with magnesium ions blocking the channel pore at hyperpolarised membrane potentials (Nowak et al. 1984) , features that makes them crucial contributors to synaptic plasticity (Bliss & Collingridge, 1993) . We next tested for the presence of NMDA receptors on mITC synapses, and their contribution to calcium signalling. To isolate the synaptic NMDA component, GABA and AMPA receptor-mediated currents were blocked using picrotoxin and NBQX, respectively. Under these conditions, synaptic stimulation revealed EPSCs with slow kinetics and I-V relationships typical of NMDA receptors (n = 29, Fig. 6A ). Synaptic NMDA receptors are tetramers that contain two obligatory GluN1 subunits, and two of GluN2A or GluN2B subunits assembled as homomers or heteromultimers, and the kinetics and pharmacology of these receptors are dependent on the final subunit composition (Chenard & Menniti, 1999) . NMDA receptor-mediated synaptic currents on mITC synapses (V h +40 mV; ß32°C) had an overall weighted decay time constant of 78 ± 6 ms (n = 36), suggesting that these NMDA receptors at these synapses are not GluN1/GluN2B heterodimers (Chenard & Menniti, 1999; Lopez de Armentia & Sah, 2003) . partially reduced the peak amplitude (control: 85 ± 17 pA, ifenprodil: 66 ± 16 pA, n = 10, P < 0.0001; control: 80 ± 30 pA, CP101606: 56 ± 22 pA, n = 5, P > 0.05, Fig. 6B and C), with no effect on the decay kinetics (control: 73.2 ± 3.9 ms, ifenprodil: 69.9 ± 4.5 ms, n = 10, P > 0.05; control: 79 ± 6.5 ms, CP101606: 66.4 ± 8.0 ms, n = 5, P > 0.05, paired t test, Fig. 6D ). These kinetic and pharmacological properties suggest that NMDA receptors at these synapses are probably trimers containing GluN1/GluN2A/GluN2B subunits (Lopez de Armentia & Sah, 2003; Delaney et al. 2013) . Synaptic NMDA receptors on pyramidal neurons raise postsynaptic calcium, which is generally confined to the spine head (Muller & Connor, 1991; Bloodgood & Sabatini, 2007; Power & Sah, 2014) . To test if NMDA receptors contribute to calcium signalling in mITC neurons we used two-photon imaging and BLA stimulation to activate synaptic input. Consistent with the presence of NMDA receptors, synaptic stimulation evoked calcium signals in spines (Fig. 6E) . As in pyramidal neurons (Bloodgood & Sabatini, 2007; Power & Sah, 2014) , spine calcium rises had faster rise times, and larger amplitudes than those in the parent shaft [spine: amplitude: 0.123 ± 0.009 G/R, time to peak: 51± 7 ms (n = 3); shaft: amplitude: 0.07 ± 0.01 G/R, P < 0.05, time to peak: 148 ± 12 ms (n = 3), P < 0.05, paired t test]. This calcium rise was largely blocked by application of the NMDA receptor antagonist D-APV to 0.029 ± 2 G/R (n = 3, P < 0.05) in the spine and 0.028 ± 3 G/R (n = 3 P < 0.05, paired t test) in the shaft (Fig. 6E) . Thus, in ITC neurons, activation of postsynaptic NMDA receptors raises spine calcium that is largely confined to the spine head, with minimal rise in shaft calcium.
Synaptic transmission and calcium signal propagation.
We have shown that synaptic stimulation evoked a rise in postsynaptic calcium that is largely confined to the spine head. We next tested if repetitive stimulation could evoke a spreading calcium signal that may also invade neighbouring inactive spines, as seen in pyramidal neurons in the hippocampus (Nakamura et al. 1999; Power & Sah, 2002) and BLA (Power & Sah, 2014) . Spines receiving glutamatergic input (active spines) were identified as above and their calcium response was tested to single, and repetitive (5 × 50 Hz and 10 × 100 Hz) synaptic stimulation. Repetitive stimulation evoked calcium signals with increasing amplitudes (Fig. 7A and C) . To compare calcium rises in different regions, we again normalised the calcium signal to the peak spine response following a train of five (5 × 50 Hz) EPSCs. The peak response of the spine head to a 5 × 50 Hz stimulation was therefore 1 ± 0 G/R, while the calcium rise in the parent shaft was 0.32 ± 0.05 G/R (n = 17, P < 0.001). This calcium rise in the dendritic shaft did not diffuse very far, and at distances 3-5 μm proximal (towards soma) or distal (away from soma) from the activated spine it was barely detectable, being 0.06 ± 0.07 G/R (n = 4) proximally and 0.11 ± 0.06 G/R (n = 4) distally. With the same normalisation procedure, the spine response to a single synaptic stimulus was 0.47 ± 0.06 G/R (n = 9), while the neighbouring shaft was, as shown above (Fig. 4E) , much smaller at 0.23 ± 0.06 G/R (n = 9, P < 0.01, paired Student's t test). With stronger trains (10 × 100 Hz), the calcium rise in the spine was only slightly larger (1.12 ± 0.05 G/R; n = 6), and rose to 0.6 ± 0.09 G/R (n = 6), P < 0.01) in the dendritic shaft. Despite these larger calcium rises with repetitive stimulation, the signal still attenuated rapidly. At a distance of 3-5 μm proximal it was 0.38 ± 0.14 G/R (n = 4) and distally 0.32 ± 0.17 G/R (n = 3). In nearby non-innervated spines the calcium signal was very small, being virtually undetectable for 1× stimulation, 0.06 ± 0.06 G/R ( Fig. 7A and B ; n = 4).
The peak amplitude of the calcium rise in the shaft was always less, and consistently had a slower time to peak than the signal in the spine head. Thus, with 1× stimulation, the calcium rise time in the spine was 44 ± 6 ms (n = 5) while in the shaft it was 144 ± 11 ms (n = 5, P < 0.001). With 5 × 50 Hz stimulation, spine rise time was 84 ± 7 ms and in the shaft it was 160 ± 19 ms (n = 17, P < 0.001). Finally, using 10 × 100 Hz stimulation, spine calcium rise time was 75 ± 11 ms while the shaft was 171 ± 15 ms (n = 6, P < 0.05; Fig. 7A and C) . The calcium rise for single and train stimulation was blocked in the presence of APV (Fig. 7C and D) . Normalising the calcium signal to 1× stimulation, spine calcium was 1 G/R and after APV it reduced to 0.24 ± 0.03 G/R (n = 3), P < 0.05. For 5 × 50 Hz stimulations the calcium signal was reduced from 1.84 ± 0.28 G/R (n = 3) to 0.32 ± 0.06 G/R, P < 0.05 after APV and for 10 × 100 Hz stimulations APV reduced the calcium amplitude from 1.86 ± 0.25 G/R (n = 3) to 0.37 ± 0.14 G/R, P = 0.05, paired Student's t test. These results show that with synaptic stimulation, calcium enters the spine head driven by the activity of NMDA receptors and then diffuses into the shaft. Moreover, as in pyramidal neurons, spine heads are the contact site for glutamatergic inputs and restrict the diffusion of calcium through the spine neck.
In pyramidal neurons, coincidence of bAPs and synaptic activation can result in amplification of electrical as well as calcium signals (Hao & Oertner, 2012) . Moreover, activation of metabotropic receptors coupled with calcium influx via VGCCs can result in calcium-induced calcium release and spread of cytosolic calcium (Ross, 2012) . We therefore tested if repetitive synaptic stimulation coupled with bAPs could evoke store calcium release and spread of calcium in the dendritic shaft. Using repetitive stimulation (5 × 50 Hz), pairing synaptic stimulation with an AP evoked a calcium rise that was not significantly different from synaptic stimulation alone. The evoked calcium rise to EPSP + bAP was: spine: 2.35 ± 0.13 G/R; shaft: 0.07 ± 0.008 G/R (n = 3) (Fig. 7E and F) while that evoked by the EPSP alone was: spine 0.17 ± 0.14 G/R (n = 3), P < 0.01, and shaft 0.03 ± 0.03 G/R (n = 3), P > 0.05, paired t test. For single EPSPs, pairing synaptic stimulation with bAPs increased the effect on calcium transients in the spine head, but the calcium rise remained locally restricted.
Discussion
The GABAergic mITC neurons located between the BLA and CeA receive glutamatergic input from the BLA, and provide feed-forward inhibition to neurons in the lateral CeA (Royer et al. 1999; Strobel et al. 2015) . These neurons are thought to play a critical role in Pavlovian fear learning, acting to control the output of the central amygdala that mediates fear responses (Royer et al. 1999; Likhtik et al. 2008; Amano et al. 2010) . Here, we have studied calcium signalling in mITC neurons, and show that (1) APs back-propagate into the dendritic tree, but due to the presence of voltage-gated potassium channels (probably containing Kv4-channels) attenuate rapidly with distance. (2) Glutamatergic afferents to these neurons make synapses on dendritic spines where they activate both AMPA and NMDA receptors. (3) Some spines express inwardly rectifying AMPA receptors, with synapse-specific variations. (4) Synaptic NMDA receptors are likely to be tri-heteromeric receptors and mediate calcium entry in response to synaptic stimulation. (5) Dendritic spines largely act as isolated compartments, and even with high frequency stimulation there is little spread of the calcium signal. Clusters of eGFP-expressing neurons in GAD67:eGFP transgenic mice (Tamamaki et al. 2003) located between the BLA and CeA were identified as mITC cells by their expression of the μ-opioid receptor (Jacobsen et al. 2006) . As described previously (Paré & Smith, 1993; Geracitano et al. 2007 ) mITC neurons had a bipolar morphology with the dendritic tree largely following the surrounding capsule. Dendrites are densely embedded with spines, and can extend up to 200 μm from the soma; we find that most dendritic segments are located within the first 100 μm, also the site for most synaptic contacts from the BLA. These neurons are largely devoid of the typical calcium binding proteins and neuropeptides generally found in interneurons (Markram et al. 2004; Spampanato et al. 2011) , and could not be divided into distinct electrophysiological types (Geracitano et al. 2007) . Somatically evoked APs resulted in a calcium rise in the dendritic tree and attached spines. This calcium signal decreased with distance, being barely detectable at distances greater than 80 μm from the soma. Trains of APs evoked larger calcium signals that propagated slightly further into the dendritic tree (>120 μm). The decrease in calcium transients was seen in all dendrites, and was reversed by millimolar concentrations of the potassium channel blocker 4-AP, while lower concentrations (0.5 mM) were without effect. This pharmacology suggests that the reduction in AP-evoked calcium transients is not due to the absence of Na + channels at distal sites, but results from activation of Kv2.x-or Kv4.x-containing potassium channels (Coetzee et al. 1999) . Kv4.x channels mediate low threshold, rapidly inactivating A-type currents (Coetzee et al. 1999 ) that modulate dendritic APs in a number of neurons (Hoffman et al. 1997; Johnston et al. 2000; Day et al. 2008) . Kv4 channels are also expressed in the dendrites of mITC neurons (Kaufmann et al. 2013) , where the potassium channel interacting proteins KChIP 2-4 are also present (Dabrowska & Rainnie, 2010) . Thus, the decrease in dendritic calcium transients probably results from activation of dendritic A-type currents, and shunting of the AP. These channels are modulated by a number of protein kinases (Yang et al. 1999; Birnbaum et al. 2004) , which are known to affect back-propagation of dendritic APs in pyramidal neurons (Johnston et al. 1999) . As the mITCs are targets for many neuromodulators and neuropeptides (Palomares-Castillo et al. 2012; Blaesse et al. 2015) , activation of these systems may also modulate bAPs in mITC neurons.
mITC neuron dendrites had a bipolar orientation, and were studded with spines. AP-evoked calcium signals in spines were of similar amplitude to those in the parent dendritic shaft, showing the presence of VGCCs in the spine head. Dendritic spines were the target for glutamatergic inputs to these cells, where they activated dualcomponent synapses expressing AMPA and NMDA receptors. These inputs were distributed over the whole dendritic tree, with synapses found between 20 and 140 μm distal to the soma. AMPA receptors at these synapses were a heterogeneous population with some synapses having rectifying receptors indicating they were heteromultimers that lacked GluA2 subunits (Jonas & Burnashev, 1995) . NMDA receptors at these synapses had intermediate decay kinetics, and a pharmacology consistent with the presence of tri-heteromeric GluN1/ GluN2A/GluN2B receptors (Rauner & Kohr, 2011; Delaney et al. 2013) .
Synaptic stimulation evoked a calcium rise in dendritic spines mediated by influx via NMDA receptors, with a negligible contribution by AMPA receptors. With either single or tetanic stimulation, calcium rises were restricted to the spine with a sharp drop in the calcium gradient from spine head to shaft. For low-frequency tetanic stimulation, calcium rise was virtually undetectable outside the spine head, and decayed rapidly with distance. Even with high-frequency stimulation, calcium in the dendritic shaft was undetectable >5 μm from the active spine. The function of the spine neck as a diffusion barrier and the resultant biochemical compartmentalisation of Ca 2+ in the spine head are well described (Gamble & Koch, 1987; Svoboda et al. 1996) . Our results for mITC neurons are in line with previous descriptions of spine-restricted Ca 2+ rises in response to weak synaptic stimulation in cortical, hippocampal and BLA pyramidal neurons (Yuste & Denk, 1995; Koester & Sakmann, 1998; Power & Sah, 2014) .
Fear conditioning and its extinction are two of the most widely studied behaviours. The functional similarities between fear and human anxiety raise the possibility that understanding the mechanisms that underpin fear might provide insights into the novel therapeutic avenues for anxiety-related disorders (Milad & Quirk, 2012) . Medial ITC cells, between the input and output stations of the amygdala, are ideally situated to control these behaviours. They receive glutamatergic input from the BLA, and other cortical and thalamic regions, and provide feed-forward inhibition to neurons in the lateral CeA (Royer et al. 1999; Asede et al. 2015; Strobel et al. 2015) . Afferents to these neurons are plastic, and synaptic strength changes following extinction (Amano et al. 2010; Huang et al. 2014; Asede et al. 2015) . In vitro studies show that plasticity of these synapses requires activation of NMDA receptors and an increase in cytosolic calcium (Royer and Pare, 2002; Huang et al. 2014) . In most neurons, NMDA receptor-dependent plasticity is mediated by spike timing-dependent plasticity triggered by back-propagation of APs into the dendritic tree (Dan & Poo, 2006) . We have shown that NMDA receptors are present at excitatory synapses on mITC neurons, and conjunction of bAPs with synaptic stimulation enhanced calcium rises. AP back-propagation into the dendritic tree was restricted by activation of voltage-gated potassium channels. As these channels are modulated by a range of second messenger systems (Yuan et al. 2002; Day et al. 2008; Otsu et al. 2014) and by a range of neuromodulators, our data suggest that activation of these systems may regulate synaptic plasticity at inputs impinging on the distal dendritic tree.
